Abstract
In 1942, it was thought that basal ganglia surgery would cause permanent unconsciousness and significant impairment of motor control. By 1947, when human stereotactic surgery was introduced, the first target was the globus pallidus in a patient with chorea. What happened during those 5 years to set the stage for stereotactic surgery? During the last half of the 19th century, it was first noted that motor disorders were often accompanied by atrophy of various parts of the basal ganglia, and when histopathology became part of necropsy, that relationship between movement disorders and the basal ganglia was strengthened. The impairment of fine motor control was noted in experiments that involved lesioning the basal ganglia, which led to the conclusion that disease of the basal ganglia might cause motor impairment. Finally, in 1939, Russel Meyers took the bold move of surgically resecting the head of the caudate nucleus at craniotomy in a patient with Parkinson's disease, demonstrating that Dandy was wrong in the view that the basal ganglia were the center of consciousness, and that symptoms and motor control might be improved by caudate lesions without motor reotactic pallidotomy in 1947, we have some indication of what information led Spiegel and Wycis to select pallidotomy for treatment of Huntington's chorea as their fist human stereotactic procedure.
The anatomy of the components of the basal ganglia was reviewed by Lewy [3] at that meeting. He reviewed how the basal ganglia were first defined by Thomas Willis as early as 1664 in a book beautifully illustrated by Sir Christopher Wren ( fig. 1 ), but their function, remained a mystery until the twentieth century. In 1664, Willis was confident enough to speculate that 'the corpus striatum represents an exchange between brainstem and cortex' [cited in 3 ]. However, little progress was made, and by 1911, Edinger had to confess, 'We lack any knowledge of the function of the corpus striatum or of the symptoms following its stimulation or destruction' [4] .
Pathology of the basal ganglia was noted by Oppolzer in 1861 on necropsy that there were foci of abnormality in the basal ganglia in patients with Parkinson's disease [5] . Broadbent [6] noted basal ganglia atrophy in chorea in 1865, which was also reported by Gowers [7] in 1876 in patients with athetosis. Three years later, Ringer [8] declared that 'athetosis is due to atrophy and degeneration of the basal ganglia'. These observations were particularly insightful, since it was not until the first decade of the 20th century that histological staining was introduced into necropsy, and the involvement of the basal ganglia in movement disorders was verified. Lewy [9] documented the histological characteristics of Parkinson's disease in 1912.
Information about the physiology of the basal ganglia began to emerge during the first half of the 20th century. In 1921, on the basis of animal experimentation and clinical observation, Foerster [10] stated that the corpus striatum is a center for the integration of elemental movement patterns into hierarchies of automatic associated acts. In 1937, Magoun et al. [11] speculated that emotional expression, at least in part, is subtended by the basal ganglia ( fig. 2 ) .
In 1909, Horsley [12] performed the first surgery to treat a movement disorder, when he ablated the precentral cortex in a patient with hemiathetosis. He was able to abolish the abnormal movement, but at the price of hemiplegia, with all its attendant abnormalities. He drew the conclusion that it was necessary to interrupt the primary motor system in order to alleviate involuntary movements, a view that was held through 1942 and beyond [13] .
In an attempt to avoid such motor complications, attention was directed to the spinal cord, with operations that were least likely to cause paralysis. Foerster performed posterior rhizotomy in 1913 [14, 15] for dyskinesia. Other attempts involved operations such as sympathectomy by Royle [16] in 1924, and dorsal column section by Puusepp in 1930 [15] .
Since those operations had only slight, if any, success, attention was drawn back to cortical ablation. In 1932, Bucy and Buchanan [17] reported ablation of Brodmann areas 4 and 6, and later added areas 8, 9, and 10, to treat athetosis and Parkinson's disease, and reported that improvement was commensurate to the amount of weakness or paralysis resulting from surgery [18] ( fig. 3 ). By 1939, Bucy and Case [13, 18] concluded that the pyramidal tract had to be at least partially included for any procedure to be successful, a view Bucy maintained through the 1980s [13] . However, in about 1940, Klemme [19] was able to obtain some relief by sparing area 4 and confining the cortical ablation to the premotor area 6, but not without undesirable symptoms of hemiparesis.
In an attempt to obtain improvement in involuntary movements without hemiplegia, in 1935 Delmas-Marsalet and Von Bogaert [20] extirpated the dentate nucleus with some success, but with significant risk.
At the 1940 meeting, Bucy [13] summarized his results after ablation of motor cortex, which represented the dominant surgical opinion, acknowledging that all patients relieved of Parkinson symptoms suffered hemiplegia, spasticity dyspraxia, hyperreflexia, clonus, and spreading reflexive synergies with an operative mortality rate of 10%. Klemme [19] reported his cortical extirpation limited to only area 6 in 100 patients operated between 1937 and 1940 with unilateral dystonia symptoms and noted reasonably good results with fewer neurological sequelae, but with 17% mortality.
The state of physiological knowledge was also summarized at that 1940 meeting. Kennard and Fulton [21] observed that bilateral pallidal lesions in the cat and monkey caused tremor, whereas after unilateral ablation 'all movements were greatly slowed'. It was the observation of such slowing (plus the relationship of pallidal atrophy with bradykinesia after CO poisoning) that later discouraged Spiegel and Wycis [22] from using pallidotomy in Parkinson's disease, for fear of increasing bradykinesia, although it was used for Parkinson's disease within the following few years by Hassler and Riechert [23] , who preferred the target of the pallidofugal fibers in the ventrolateral thalamus, and soon after by others.
At that meeting, Lewy [3] noted that 'after one hundred years of laborious preliminary studies the "Gestalt" of the basal ganglia, their function and diseases, became suddenly visible around the year 1912', but there was still much disagreement about the physiological organization. Mettler [24] attempted to simplify concepts held at that time, when he opined that 'the pyramidal and extrapyramidal systems constitute a closely organized and interrelated functional unit … The striatum occupies the position of an inhibitory mechanism … The pallidum, as contrasted with the striatum, is a positive motor mechanism …'.
At that meeting, all reports of surgical treatment of movement disorders involved the pyramidal system save one. Meyers [25] reported that in 1939 he had operated on a patient with Parkinson's disease by extirpating the head of the caudate nucleus via a transventricular approach at craniotomy ( fig. 4 ) . Not only did the patient not suffer unconsciousness (Dandy was wrong), but had significant improvement in symptoms of Parkinsonism without hemiplegia (Bucy was wrong). Following that meeting (possibly because of the encouragement he received from Tracy Putnam, the meeting organizer, in the meeting summarization), Meyers performed several variations of that operation, and by 1949, reported 58 various basal ganglia procedures for that disease [26] . The most successful involved sectioning the ansa lenticularis as it emerged from the pallidum. Sixty-two percent of patients had improvement, but the operative mortality rate was 12%. The morbidity and mortality were sufficient so that Meyers himself advocated against such surgery.
The results of Meyers' surgery prior to 1947 were known to Spiegel and Wycis, and undoubtedly influenced their choice of pallidoansotomy as their first stereotactic procedure. Even though their results were more consistent and their mortality rate from the start was less than 1% [27] , it took a decade for stereotactic surgery to become the commonly accepted standard practice. In the meantime, other nonstereotactic procedures for electrocoagulation of the ansa lenticularis for Parkinson's disease were introduced by Fenelon [28] in 1950 and modified in 1955 [29] , and by Guiot and Brion [30] in 1952.
Meanwhile, attention was moving from the pallidum to the ventrolateral thalamus. In 1951, Hassler and Riechert [23] proposed a lesion in the ventrolateral thalamus, near the distal site of the pallidofugal fibers. The original lesion was large, and encompassed what were later defined as Voa, Vop, and Vim. Hassler's surgical associate Riechert performed thalamotomy at first for dyskinesia and then for Parkinson's disease, which was successful for both tremor and rigidity. In the meantime, Hassler [31] was evolving his subclassification of the thalamus. Autopsy studies on several patients who died of other causes some time after successful surgery suggested that Voa lesions relieved rigidity and Vop lesions (later moved to Vim) relieved tremor best [23] . Later, Bertrand, Jasper et al. [32] , as well as Fukamachi, Ohye and Narabayashi [33] localized the target for tremor more discreetly to the Vim nucleus by using microelectrode recording.
During the first 5 years of stereotactic surgery, many targets that lay within the basal ganglia or connected to the basal ganglia were empirically tried for the treatment of various motor disorders. As early as 1952, Spiegel, Wycis et al. [34] summarized collective experience with lesions in the pallidum and thalamus, as well as lesions at the midbrain level, that were mainly for pain management. Lesions were made in the zona inserta and further distal in the pallidofugal pathways in Forel's field in the early 1960's [35] , and in the subthalamic region throughout that decade by Mundinger and Ostertag [36] , Story et al. [37] and Fager [38] . There was enough concern that the hemiballismus, which had been demonstrated in monkeys by Carpenter and Mettler [39] in 1949, might occur in patients, so the subthalamic nucleus did not become a popular target. The reports at that time were not always clear about whether the target lay in the subthalamic nucleus or in the subthalamic area.
During the 1960s, when there was a great deal of functional stereotactic surgery being done, the targets generally evolved to be Vim for tremor, pallidum, Voa or Vop thalamus, or Forel's field for Parkinson rigidity or bradykinesia, and the ventrolateral thalamus or pallidum for dyskinesia [40] .
When L -dopa appear on the scene in 1968, however, most of the stereotactic activity ground to a halt [41] . It was not until Laitinen et al. [42] resurrected pallidotomy in 1992 that functional stereotactic surgery began to recover.
In the meantime, implantable stimulators for deep brain stimulation had appeared, so it was not long until lesions began to be replaced by stimulation. Both Siegfried [43, 44] and Benabid et al. [45] had reported improvement in motor control in patients who had had stimulators implanted for pain. In 1980, Brice and McClellan implanted stimulators in 2 patients with tremoraccompanying multiple sclerosis. In 1987, Benabid et al. [45] documented the benefit of stimulation of Vim for tremor and in stimulation of the subthalamic nucleus for other manifestations of Parkinsonism and related medication, including dyskinesia, while Lozano demonstrated the benefit of pallidal stimulation.
To return to our original question, 'What happened between 1942 and 1947 to set the stage for stereotactic surgical treatment of movement disorders?' (1) Knowledge about the anatomy and physiology of the basal ganglia was advanced, (2) Meyers proved that basal ganglia surgery could be done without impairing consciousness, and (3) Meyers also proved that extrapyramidal disease could be treated with basal ganglia surgery. Meyers' surgical approaches to the basal ganglia [26] .
